In this study, a method of inspecting the weld quality (i.e., static strength) in ultrasonic welding of 4-mm-(0.16-in.-) thick carbon fiber/polyamide 66 (C f / PA66) composite with 30 wt-% fiber without energy directors was investigated. The transient horn displacements and dissipated powers were recorded to correlate with the weld quality. It was found that the transient horn displacement of the joint during the ultrasonic welding process displayed four distinct stages: C f /PA66 expansion phase (stage I), unsteady melting phase (stage II), equilibrium phase of the materials melting and melt outflow (stage III), and the material cooling down phase (stage IV). The weld quality was closely related to the horn displacement and duration in stage III of the ultrasonic welding process. Target horn displacement and duration in stage III were determined by desired static strengths of the welded 4-mm-(0.16-in.-) thick C f /PA66 composite. The horn displacements and durations of the welds in stage III were recorded and the measurements were compared with the target values during welding. A quality weld was determined by judging whether the measured values of horn displacement and duration in stage III were within the tolerance range of the target values. Consequently, an online inspection method to evaluate the weld quality was developed based on target horn displacement and duration.
Introduction
Automobile exhaust emission has drawn wide public concern and one possible solution to this issue is reducing the weight of vehicles (Refs. [1] [2] [3] [4] . Lightweight materials, such as advanced polyamide composites reinforced by primary carbon fibers, are being increasingly used in automotive and aerospace applications due to their good mechanical properties and low density (Refs. 1, 5, 6) . To obtain complex components, which often consist of small parts, joining the polyamide parts becomes a primary priority (Refs. [7] [8] [9] [10] . Among all the joining techniques available, ultrasonic welding is one of the most promising methods because it is fast, energy efficient, potentially suitable for mass production, and offers sound cosmetic quality (Refs. [11] [12] [13] [14] .
The key feature of ultrasonic welding is that the ultrasonic vibrations produce the intermolecular diffusion and the entanglement of the molecular chain in the molten state on the interfaces of the welded polymer due to the intermolecular friction within the thermoplastics (Refs. [11] [12] [13] [14] . To increase the welding speed and weld quality, the energy director is usually recommended to direct and focus the ultrasonic weld energy to a smaller contact area (Refs. 15, 16) . However, due to the difficulty in locating the energy directors in the lapped workpieces with a robot, ultrasonic welding of the workpieces without energy directors was assessed. To facilitate the use of the ultrasonic welded polymeric composites for lighter, stronger, and more cost-effective vehicle structures, manufacturing guidelines for composite structures are required. The development of these guidelines requires not only detailed understanding of the ultrasonic welding process but also the quality monitoring and controlling of the ultrasonic welded joints.
To inspect the weld quality, various methods (e.g., destructive such as the chisel test) or nondestructive testing (e.g., ultrasonic technique (Ref. 15) ) have been applied to assess the weld quality. Although the chisel test has some advantages, such as its relative ease of use, low cost, and usability on the shop floor, the tests are qualitative and subjective. The ultrasonic method often requires a relatively long cycle time and couplant gel. It is often used offline for quality inspection of the welded workpieces. Therefore, it is imperative to develop an online nondestructive inspection method to evaluate the quality of the ultrasonic welded thermoplastic composites.
An extensive literature review revealed that few studies have reported on online nondestructive inspection for ultrasonic welds. 21, 22) discovered that the quality of the ultrasonic welded lap joints of CF/PEI with a flat energy director was related to the process signatures (e.g., horn displacement and dissipated power of the process). However, the quantitative correlation between the joint strength and process signatures was not reported.
The present study was undertaken to develop a method for inspecting ongoing welding operations as a sequence of ultrasonic welded carbon fiber/polyamide 66 composite joints with 30 wt-% fiber without energy directors being formed. We first focused our attention on conducting the tests to understand the effect of process variables on the joint strength. Then, microstructures and weld formation mechanism of the ultrasonic welded joints were analyzed and the correlation between the joint strength and process signatures was investigated. Finally, the application of this method for weld quality inspection was discussed.
Experimental Procedure Materials
Commercial polyamide 66 and carbon fiber (24 K, T300 type, Toray Carbon Magic Co. Ltd.) with a length of 2 mm (0.08 in.) were used. The fibers were first cleaned with a concentrated solution of nitric acid and then surface pretreated using 8% diglycidyl ether of bisphenol solution in acetone. Both polyamide 66 and pretreated carbon fibers were dried at 80C in a vacuum condition for 3 h before being used to fabricate 30 wt-% carbon fiber/ polyamide 66 composite.
A twin-screw extruder with two separate inlets was used to mold 30 wt-% carbon fiber/polyamide 66 composite. Polyamide 66 was added to the first hopper, and carbon fibers were added to the second hopper. Polyamide 66 was also fully melted before carbon fibers were added to minimize the fracture of carbon fiber during compounding. The processing temperature was 270°-280°C (518°~536°F), and the screw speed was 180 roations per min (rpm). After fully mixing polyamide 66 with carbon fibers in a twin-screw extruder, the carbon fiber/polyamide 66 composite was processed into the pellets with a length of 2 mm (0.08 in.). The pellet was then fed into the injection extruder to mold into coupons with dimensions of 132  38  4 mm (5.2  1.5  0.16 in.). All coupons were stored in an ambient laboratory environment (20C (68F) and 50% R.H.) and dried in a vacuum oven at 80C (176F) for 48 h before welding to completely remove moisture in the specimen. The injection molded carbon fiber/ polyamide 66 composite exhibited a tensile strength of 99.2 ± 3 MPa ((1.4 ± 0.4)  104 lb/in.
2 ) and an elastic modulus of 8936 ± 3 MPa ((1.3 ± 0.6)  106 lb/in.
2 ), respectively.
Ultrasonic Welding Process
The ultrasonic welding process was performed using a KZH-2026 multifunction UW machine (Weihai Kaizheng Ultrasonic Technologies Co. Ltd., China) with a nominal power of 2.6 kW, nominal frequency of 20 kHz, and nominal amplitude of 25 m (9.8  10 4 in.). The machine was equipped with a data acquisition system that combined a horn pressure sensor, horn-displacement sensor, and a timer, which were integrated in the controller of the UW machine, as shown in Fig. 1 pressure, weld energy, and horn displacement were recorded online in a personal computer (PC) as a function of time by the data acquisition system. The final horn displacement, weld energy, weld time, horn pressure, hold time, and delay time were also displayed in the control panel during the UW process. To avoid coupon motion during welding, the coupons were held in place by using a fixture.
The machine had three modes: energy, time, and horn displacement. The value of weld energy, weld time, and horn displacement for the three modes, respectively, were preset to control the welding process. The workpieces were then welded using the nominal power of the machine. When the weld energy, weld time, or horn displacement reached the preset values for the selected weld mode, the ultrasonic wave oscillation was stopped. Therefore, weld quality was controlled by the preset values in each selected welding mode. When time mode was selected, the values of the delay time, weld force, hold time, and ultrasonic time were preset prior to welding. When the ultrasonic triggering was performed, the horn was pressed onto the workpieces for 2 s, and then it ultrasonically vibrated until the preset time was reached. The welded workpieces were held for 3 s to solidify the molten material. All specimens were welded using a 7075 aluminum horn with a diameter of 18 mm (0.71 in.).
Temperature Measurement
To analyze the weld initiation and growth during ultrasonic welding, the temperature evolutions at the locations near the horn-workpiece interface and faying surface were measured. Figure 2 shows the experimental setup for temperature measurements. As shown, two small holes with a diameter of 1.0 mm (0.04 in.) and a depth of 12.5 mm (0.49 in.) were drilled at the side of the upper workpiece. Two holes were drilled at 0.2 mm (0.008 in.) from the top and bottom surfaces of the upper workpiece, respectively. Two K-type thermocouples were imbedded into the two small holes and secured with epoxy compound so that the thermocouples were secured. The temperature evolutions at these two locations were recorded as a function of time by a data acquisition system during ultrasonic welding.
Weld Microstructure
To assess the characteristics of the weld microstructure of the ultrasonic welded joints, the specimens were prepared using the procedures shown in Fig. 3 for the tested joints. In Fig. 3 , the joints were notched from the central position of the weld. Then, the prenotched specimens were immersed in liquid nitrogen for 10 min. The embrittled specimens were broken off from the notched site; the broken specimens were sputter-coated with gold for 50 s to increase the conductivity, and the microstructures of the welds were examined with a scanning electron microscope (JSM6700F).
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Quasi-Static Test
Quasi-static tests were performed by loading each specimen to failure in an MTS 810 tensile tester according to ASTM D1002-2001. To minimize bending stresses inherent in the testing of single-lap weld specimens, filler plates were attached onto both ends of the specimen using a masking tape to accommodate the sample offset. Load vs. displacement results were obtained, as the specimens were loaded at a stroke rate of 2 mm/min (0.08 in./min). The strength of the joint is defined as the ratio of the peak load to the overlap area of the weld (950 mm 2 (1.47 in.
2 )). Three replicates were performed, and the average joint strengths were reported.
Results and Discussion
Quality of Ultrasonic Weld
To understand the weld quality in ultrasonic welding of 4-mm-(0.16-in.-) thick lap carbon fiber/polyamide 66 composite with 30 wt-% fiber, extensive welding tests were performed. In setting up the welding machine to produce a series of uniform welds, initial values of suitable horn pressure, welding time, and clamping conditions were established for the welding horn and specific workpieces. The welding controller was programmed in an attempt to maintain these values so that the same welds are produced during extended manufacturing operations. Figure 4A , B shows the effect of process variables on the weld strength and weld area for an ultrasonic welded 4-mm-(0.16-in.-) thick lap carbon fiber/polyamide 66 composite, respectively. As shown, significant scatter in the weld strength and weld area for the joints made under the same welding conditions was observed. Careful analyses of the results revealed that the scatter likely resulted from the variations in weld area. To validate this speculation, the failure modes of the tested joints made with a welding time of 2.1 s and a horn pressure of 0.15 MPa (21.76 lb/in.
2 ) were examined. Figure 5A , B presents an interfacial failure mode and a mixed mode of interfacial and workpiece fracture, respectively. Examination of the failure mode shown in Fig. 5A exhibited that the cracks initiated at the intersection of the weld and opening between the workpieces, and grew through the weld nugget. Ultimate failure was by overload of the remaining unseparated sections. A different failure mode, referring to Fig. 5B , revealed that the cracks initiated at the pores inside the weld, and then propagated through the thickness of the upper workpiece.
In combining Figs. 4 and 5, it can be seen the joints that failed with an interfacial failure mode had greater strength than the joints that failed with a mixed failure mode. Figure 6A , B showed the microstructures of the joints failed with interfacial and mixed fracture modes, respectively. As shown, significant pores were present at the porous zone for the joints with a mixed failure mode, as seen in Fig. 6B . The presence of pores in Fig. 6B was likely the culprit for the reduction in joint strength. Therefore, significant scatter in the joint strength, as in Fig. 4 , likely resulted from the variations in weld quality. While the exact causes of pores are beyond the scope of this study, the implication of these results showed there is an urgent need to have an online system developed to monitor weld quality.
Weld Growth Mechanism
To develop the weld monitoring system, it is necessary to understand how the weld initiates and grows during the welding of 4-mm-(0.16-in.-) thick lap carbon fiber/polyamide 66 composite. From the results shown in the "Quality of Ultrasonic Weld" section, the optimal welding parameters for UW of C f /PA 66 were a welding time of 2.1 s and a horn pressure of 0.15 MPa (21.76 lb/in.
2 ). Thus, transient temperature histories near the faying surface and horn-workpiece interface, as well as the transient horn displacement for the joints made with the optimal welding parameters, were recorded. The results are shown in Fig.  7 . In addition, the transient horn displacement during welding was also recorded and shown in Fig. 7 . As shown, the weld initiation and growth could be divided into four stages during the welding, and each stage is discussed next.
Stage I
In this stage, ultrasonic vibration began, and the friction between the horn-workpiece and workpiece-workpiece resulted in an increase in temperature at both interfaces. Small as-
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perities were in contact at the faying surface, where high stresses were concentrated on these asperities, and consequently the temperature increased to 70C (158F) near the faying surface within 0.35 s. As the welding continued, the temperature near the horn-workpiece interface barely increased after a welding time of 0.35 s and the horn displaced slightly upward primarily resulting from the expansion of the materials. Figure 8A , B shows the weld indentation and weld area with a welding time of 0.3 s, respectively. As shown, little weld indentation and a small weld with an irregular shape were observed in stage I.
Stage II
In stage II, friction between interfaces and viscoelastic dissipation of the material resulted in an increased temperature at the interfaces. Referring to Fig. 7 , the temperature near the faying surface virtually increased linear with the welding time and reached a peak temperature of 379C (714F) at a welding time of 1.7 s, which exceeded the melting point (259C (498F)) of carbon fiber/ polyamide 66 composite. The melting at the faying surface began to grow and spread, and the corresponding horn displacement increased slowly. Due to the molten material serving as a "lubricating agent" (Ref. 23 ), the friction energy dissipated as the faying surface decreased, and consequently the melt rate of materials at the faying surface began to decrease. Although the raising temperature rate near the faying surface decreased, the temperature continuously increased to reach a stable 379C (714F). Figure 9A to D shows the weld indentation and weld area for the welding time of 0.5, 0.9, 1.3, and 1.7 s, respectively, in stage II. As shown, the weld indentation and weld area grew with welding time, which resulted in a melted film forming at the faying surface, and the horn moved downward. Referring to Fig. 7 , as the temperature increased near the faying surface, the temperature near the horn-workpiece increased as well. The temperature near the horn-workpiece interface reached about 360C (680F) with a welding time of 1.7 s, which resulted in a weld indentation of about 0.05 mm (0.002 in.) on the upper workpiece.
Stage III
In stage III, referring to Fig. 7 , as the temperature near the faying surface stabilized, the temperature near the horn-workpiece interface increased with time. Figure 10A , B shows the weld indentation and weld area with a welding time of 2.1 s, respectively. As shown, as the horn indented into the upper workpiece, a melt film formed, and some molten materials were flashed out of the faying surface. As a result, a sharp increase in horn displacement was observed in stage III. Under this condition, the melt rate of materials was in equilibrium with the spread rate of the melt (Ref. 24).
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404C (759F) in stage III. These results inferred that as the energy dissipated and the faying surface decreased, more energy was dissipated at the horn-workpiece interface, which was mainly because the upper workpiece softened from dissipated heat and made the ultrasonic vibration difficult to transmit into the faying interface. The temperatures near the faying and horn-workpiece interfaces were much higher than the melting point (259C (498F)) of carbon fiber/polyamide 66 composite, which likely degraded polyamide 66 and resulted in volatile gases observed at the porous zone (Ref. 25) .
Stage IV
Ultrasonic vibration was stopped and the melt began to solidify in stage IV. Referring to Fig. 7 , the temperatures near the faying and horn-workpiece interfaces decreased with time as the horn moved slightly downward resulting from the material contracting. From the above analyses, we can conclude that the weld initiation and growth mainly depended on the energy consumed by the materials at the faying surface.
Correlation Between Horn Displacement and Dissipated Power
From the analyses above, it was noted that the energy dissipated at the faying surface was related to the weld area. In this section, the correlation between the weld area and energy dissipation, and how the dissipated power relates to the horn displacement that can reflect the weld growth, are examined.
It is well known that the heat rate of the faying surface during the ultrasonic welding process is determined by the viscoelastic dissipation and friction between two workpieces, and thus by the dissipated power (Refs. 11, 19, 26, 27) . The lumped parameter model for the simulation of the ultrasonic welding of thermoplastics proposed by Benatar et al. demonstrated that the instantaneous dissipated power (Ws) during ultrasonic welding was closely related to the impendence of horn-workpieces interface, faying surface, and workpiece-anvil interface (Ref. 12).
(1)
where P 1 , P 2 , and P 3 are the instantaneous dissipated power for the hornworkpiece, workpiece-workpiece, and workpiece-anvil interfaces, respectively. E" is the loss modulus; f is the vibration frequency; A 0 is the amplitude of vibration; L is the contact length of the faying surface; Z 2 and Z 3 are the impedances of the faying surface and workpiece-anvil interface, respectively; and  2 and  3 are the phase angles of the vibration on the faying surface and workpiece-anvil interface, respectively. W s is the total energy dissipated during the ultrasonic welding process. and Villegas (Refs. 21, 22) showed that while the melting of asperities and energy directors at the faying surface caused an abrupt increase in the impedance of the faying surface (Z 2 ), a continuous decrease in dissipated power was observed. Therefore, similar observations were drawn that there was a connection among the ultrasonic vibration phase, dissipated power, and horn displacement. To examine if the horn displacement relates to the dissipated power, the dissipated power and horn displacement of ultrasonic welding of 4-mm-(0.16-in.-) thick carbon fiber/ polyamide 66 composite made with a welding time of 2.1 s under a horn pressure of 0.15 MPa (21.76 lb/in.
2 ) were measured. Figure 11A , B shows the results for the joints with the strengths of 6.1 (884.7 lb/in.
2 ) and 4.7 MPa (681.6 lb/in.
2 ), respectively. Referring to Fig. 11 , the dissipated power in stage I linearly increased as the friction/viscoelastic dissipation occurred between the horn-workpiece and faying surface. Because of heating, the workpieces expanded, and consequently led to the horn moving upward. As the welding continued, more asperities at the faying surface melted in stage II, and the dissipated power reached a maximum value. This is followed by all asperities melting at the faying surface, and a steady melt film was formed in
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stage III. As the melting and spreading rates of material at the faying surface were in equilibrium, less vibration energy was required to melt the material at the faying surface to compensate the spread melt (Ref. 21) . The horn displacement increased and dissipated power decreased with time until the ultrasonic vibration was stopped due to the formation of the melt at the faying surface. These results suggest the horn displacement and dissipated power were closely related. Careful examinations of the results shown in Fig. 11 indicated the joint with a strength of 6.1 MPa (884.7 lb/in.
2
) had a greater increase in horn displacement and duration than that of the joint with a strength of 4.7 MPa (681.6 lb/in.
2 ) in stage III. Similar results were observed for the joints made with other welding variables. These results imply that the horn displacement and duration in stage III may be a good indicator of the quality in ultrasonic welding of carbon fiber/polyamide 66 composite.
Extraction Horn Displacement and Duration of Stage III in Ultrasonic Welding
As shown above, the changes of the horn displacement and duration in stage III play an important role in determining the joint strength. In this section, the extraction of the changes of horn displacement and duration in stage III during ultrasonic welding is studied. Figure 12 shows the horn displacement and partial dissipated power (2000 to 2060 W) of Fig. 11A . Referring to Fig. 12 , the change of the horn displacement (D T3 ) in stage III can be determined from the duration (t T3 ) that is determined by the change of dissipated power. As shown in Fig. 12 , the melting of asperities with various heights at the faying surface resulted in a fluctuation series of dissipated power in stage II. A melt film formed and the dissipated power dropped dramatically in stage III. Therefore, the sharp drop in dissipated power was an indicator of the starting time of stage III. The duration in stage III (t T3 ) was determined from the sharp drop in dissipated power to the end of the vibration, referring to Fig. 13 . Therefore, the change of horn displacement (D T3 ) was determined as the duration where the dissipated power started to decrease in stage III until the end of vibration. The combination of the duration (t T3 ) and change of displacement (D T3 ) in stage III were then used to correlate the strength of ultrasonic welded carbon fiber/polyamide 66 composite.
Correlation between Horn Displacement and Duration in Stage III and Joint Strength
Once the method of inspecting the weld quality was proposed, it was necessary to validate this approach. Ultrasonic welding of carbon fiber/ polyamide 66 composite with 30% mass fiber was performed with a welding time of 2.1 s and a horn pressure of 0.15 MPa (21.76 lb/in. ). The horn displacement and dissipated power histories were recorded, and the changes in horn displacement and duration in stage III for each test were measured using the aforementioned method, referring to Fig. 12. Figure 2 )) was determined. These results suggest that if the duration and change of horn displacement (D T3 ) in stage III of the ultrasonic welded joint fall in the range of the grey area, the joint with desired strength can be obtained.
Further analyzing the results shown in Fig. 13 revealed that to obtain a sound weld, the duration (t T3 ) and change of horn displacement (D T3 ) in stage III must be kept in a proper range. The welds with small horn displacement (D T3 ) had a thin film thickness, and consequently had a weak strength. On the other hand, the welds having long duration (t T3 ) and a large change in horn displacement (D T3 ) had a thick fusion zone with significant pores there. Both had a negative impact on the joint strength. Therefore, the key to producing a quality weld is to control the duration (t T3 ) and horn displacement (D T3 ) in proper range for ultrasonic welding of carbon fiber/polyamide 66 composite. Referring to Fig. 13 , to obtain the sound weld, the duration and change of horn displacement were in the ranges of 0.25 to 0.35 s and 0.04 (0.0016 in.) to 0.1 mm (0.004 in.), respectively, for ultrasonic welding of 4-mm-(0.16-in.-) thick lap carbon fiber/ polyamide 66 composite.
Application and Prospect of Horn Displacement for Weld Quality Inspection
The aforementioned test results demonstrated that the correlation of the weld strength and horn displacement and duration in stage III of ultrasonic welding could be used to nondestructively assess the weld quality online. Target values for the horn displacement and duration in producing a sound weld are determined for the workpieces. During welding operation, the horn displacement and duration during the weld growth in stage III are continually taken and analyzed, and the results were compared with the target displacement and duration values. While the measured values are within a tolerance range of the target values, welding is continued using the preset parameters. When the measured horn displacement and duration fall outside the target range, either the fault alarm is flagged or welding parameters can be adjusted to correct the displacement and duration and, thereafter, welding is continued. Consequently, the horn displacement method would permit easy and efficient production of a series of substantially sound welds without interruption of the welding operation. Checking the horn displacement online is done without stopping the welding process. composite with 30 wt-% fiber without an energy director was composed of four stages, namely, the C f /PA66 expansion phase (stage I), the unsteady melting phase (stage II), the equilibrium phase of the materials melting and the melt outflow (stage III), and the material cooling down phase (stage IV).
2. Under a given horn pressure, melt spread (i.e., weld area) was closely related to the horn displacement as well as duration in stage III of the welding process.
3. The criterion for producing quality welds was to keep the duration (t T3 ) and horn displacement (D T3 ) in stage III in proper range for ultrasonic welding of 4-mm-(0.16-in.-) thick carbon fiber-reinforced polyamide 66 composite. Moreover, the target horn displacement and duration were determined by desired static strengths of the welded workpieces.
4. An online inspection method to evaluate the weld quality was developed. The horn displacement and duration of the weld in stage III during welding were recorded, and the measurements were compared with the target values. A quality weld was determined by judging whether the measured values of horn displacement and welding time were within the tolerance range of the target values. 
